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ABSTRACT 
Crystallization plays an important role in many areas, and to derive a fundamental understanding of 
crystallization processes, it is essential to understand the sequence of solid phases produced as a 
function of time. Here, we introduce a new NMR strategy for studying the time-evolution of 
crystallization processes, in which the crystallizing system is quenched rapidly to low temperature at 
specific time points during crystallization. The crystallized phase present within the resultant "frozen 
solution" may be investigated in detail using a range of sophisticated NMR techniques. The low 
temperatures involved allow dynamic nuclear polarization (DNP) to be exploited to enhance the 
signal intensity in the solid-state NMR measurements, which is advantageous for detection and 
structural characterization of transient forms that are present only in small quantities. This work opens 
up the prospect of studying the very early stages of crystallization, at which the amount of solid phase 
present is intrinsically low. 
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Crystallization processes are important in many aspects of chemical, pharmaceutical and biological 
sciences, and are critical in underpinning several industrial applications.1 In many cases, 
crystallization evolves through a sequence of intermediate solid forms (e.g., polymorphs, solvates or 
amorphous phases) before reaching the final thermodynamically stable crystalline phase.2,3 The 
intermediate solid forms often have only transient existence, but they nevertheless represent 
significant stages in the crystallization pathway. Clearly, to derive a comprehensive understanding of 
crystallization mechanisms, it is essential to know the sequence of solid phases produced as a function 
of time.4 The ability to understand the time-evolution of the solid phase is crucial if strategies are to 
be designed for controlling the formation of a specific desired polymorph or inhibiting the formation 
of undesirable polymorphs, potentially with huge economic consequences in industrial applications 
of crystallization. 
Several in-situ characterization techniques have been developed to monitor the evolution of 
crystallization processes and to provide insights into fundamental aspects of crystallization.5, 6 In 
recent years, there has been increasing interest in the development and application of solid-state NMR 
strategies for in-situ monitoring of crystallization, particularly to establish the sequence of solid 
phases present as a function of time.7-14 The time-resolution that can be achieved in in-situ solid-state 
NMR studies of crystallization depends on the time to record an individual spectrum of adequate 
quality to distinguish the different solid forms present at each stage of the process. However, even to 
record a simple one-dimensional solid-state NMR spectrum may require several tens of minutes 
(depending on isotopic abundance, the type of NMR measurement, relaxation times, magnetic field 
strength, etc), and the use of more sophisticated measurement techniques (e.g., two-dimensional 
correlation spectra, which yield more detailed structural insights) is generally not viable within the 
context of in-situ solid-state NMR studies of crystallization. Problems due to low sensitivity are 
particularly exacerbated in studying the earliest stages of crystallization, when the amount of solid 
phase present is intrinsically low. 
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In this paper, we report an alternative (ex-situ) solid-state NMR strategy to explore the time-
evolution of crystallization processes, in which the system is studied at specific time points during 
crystallization by quenching the system rapidly to low temperature.15-18 Rapid freezing of the 
crystallization solution (to ca. 100 K) stops the crystallization process and the crystallized phase 
within the resultant "frozen solution" may then be investigated in detail using a range of NMR 
techniques, allowing in-depth structural characterization. If new transient solid forms are observed 
within the frozen solution, such NMR techniques have the potential to reveal detailed insights into 
their structural properties. Furthermore, the low temperatures involved allow dynamic nuclear 
polarization (DNP)19-32 to be exploited to enhance the signal intensity in solid-state NMR studies of 
the frozen crystallization system. 
 
Figure 1. Schematic of the experimental strategy reported here to probe the evolution of 
crystallization processes 
In our strategy (Figure 1), an under-saturated solution is prepared at high temperature and then 
separated into several identical NMR rotors, which are cooled to ambient temperature to induce 
crystallization. Crystallization is allowed to proceed in parallel in each rotor under identical 
conditions at constant temperature. At specific points in time during the crystallization process, one 
of the rotors is subjected to rapid freezing (to ca. 100 K in less than 1 min) inside the NMR 
spectrometer, followed by measurement of solid-state (DNP) NMR data. The NMR data recorded for 
each frozen solution effectively represents a snapshot of the solid phase(s) present in the 
crystallization system at a specific point in time during the crystallization process. 
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The method is demonstrated here in studies of crystallization of glycine [H2C(NH3+)(CO2–)], which 
is widely used as a model polymorphic system in studies of crystallization. Glycine has three known 
polymorphs (denoted ,  and ) under ambient conditions.33-36 The thermodynamically stable form 
is the  polymorph and the least stable form is the  polymorph.37, 38 According to literature, 
crystallization of glycine from water at neutral pH produces the meta-stable  polymorph, while 
crystallization of glycine from deuterated water has been reported35,4, 8, 39 to increase the probability 
of forming the  polymorph. The isotropic 13C chemical shifts for the carboxylate carbon in the ,  
and  polymorphs differ by ca. 1 ppm,40 allowing them to be readily distinguished by solid-state 13C 
NMR. A crystalline dihydrate phase of glycine has also been reported recently.41, 42 
As a preliminary consideration, we were concerned whether rapid quenching of the crystallization 
system in our experimental protocol might actually trigger rapid crystallization to occur within the 
solution phase, which would clearly compromise the interpretation of the NMR data recorded for the 
frozen crystallization solution. To assess this issue, aqueous solutions of 1-13C-glycine were prepared 
at concentrations (0.5 M and 1.8 M) that are under-saturated at ambient temperature, and were 
subjected to rapid quenching (to ca. 100 K in less than 1 min) in the NMR spectrometer. The 1H→13C 
CPMAS NMR spectra recorded for these quenched systems (Figure S1 in SI) showed only a broad 
signal corresponding to an amorphous glycine/water glass phase (i.e., frozen solution) at ca. 173.9 
ppm. No sharp signals characteristic of crystalline polymorphs of glycine were observed. This result 
confirms that no detectable amounts of crystallization are induced by the rapid quenching step, and 
therefore we may conclude that crystalline phases observed in the experiments discussed below are 
produced during the crystallization process at ambient temperature prior to the rapid quenching step. 
First, we consider crystallization from an aqueous solution containing 1-13C-glycine (6 M) and the 
DNP polarizing agent AMUPol43 (0.02 M), using water at natural isotopic abundance (H2O). Three 
different samples were extracted from the crystallization solution and investigated using the 
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experimental strategy described above (for more details of the experimental procedure, see Section 
2.2 in SI). 
 
Figure 2. 1H→13C CPMAS NMR spectra recorded with (green spectra) and without (black 
spectra) microwave irradiation for rapidly quenched crystallization solutions containing 1-
13C-glycine and AMUPol in H2O. The three samples were flash cooled to ca. 100 K after 
crystallization times of (a) 10 min, (b) 70 min, (c) 23 hr. The time to record each spectrum 
was 6 min. 
Figure 2 shows 1H→13C CPMAS NMR spectra recorded for the three samples of the crystallization 
solution quenched at different times. The spectrum (Figure 2a) of the sample quenched at 10 min 
after the start of crystallization has signals characteristic of the α polymorph (176.8 ppm) and β 
polymorph (175.5 ppm) of glycine. [At 100 K, the isotropic 13C chemical shifts for the carboxylate 
carbon environment in the ,  and  polymorphs are 176.8, 175.5 and 174.3 ppm respectively]. 42 In 
addition, a broad signal corresponding to the amorphous glycine/water glass phase is observed at ca. 
173.9 ppm. The spectrum (Figure 2b) of the sample quenched at 70 min also contains signals due to 
the α and β polymorphs, but with increased intensity for the α polymorph and decreased intensity for 
both the glycine/water glass phase and the β polymorph. These observations indicate that the overall 
changes occurring between 10 min and 70 min were the transformation of the β polymorph to the α 
polymorph and the occurrence of further crystallization (either to produce the α polymorph directly 
t = 10 min
t = 70 min
t = 23 hrs
α
β
a)
b)
c)
172174176178180 ppm
13C chemical shift
μWave ON
μWave OFF
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or to produce the β polymorph initially followed by transformation to the α polymorph). The spectrum 
(Figure 2c) of the sample quenched at 23 hr contains a strong signal only for the α polymorph, and 
any remaining signals for the β polymorph and the glycine/water glass phase are barely detectable. 
These results are consistent with previous literature37, 44 on crystallization of glycine from natural-
isotopic-abundance water, for which the α polymorph is the expected product after a period of ca. 1 
day. The fact that the same behavior is observed in our solid-state DNP NMR results suggests that 
the specific conditions of our experiments (including the presence of the DNP polarizing agent in the 
crystallization solution) do not alter, at least qualitatively, the outcome of the crystallization process. 
Significantly, the transient intermediate β polymorph was successfully "trapped" in the snapshots of 
the crystallization process at 10 min and 70 min. We emphasize that this meta-stable polymorph 
would survive for a significant time if maintained at the quench temperature (ca. 100 K), allowing a 
range of more detailed DNP NMR measurements to be carried out (see below) on the quenched 
solution containing this polymorph. 
In Figures 2a,b, the 1H→13C CPMAS NMR spectra recorded with microwave irradiation correspond 
to DNP signal enhancements of εDNP ≈ 2 relative to the spectra recorded on the same sample without 
microwave irradiation, but no DNP signal enhancement (εDNP ≈ 1) is observed for the spectrum shown 
in Figure 2c. These relatively low DNP enhancements may be a consequence of a non-homogeneous 
distribution of polarizing agent within the glycine/water glass phase, with a deficit of polarizing agent 
in the close vicinity of the crystalline particles.45-48 
In an attempt to increase the DNP enhancement, the experiment was repeated with glycerol added 
to the crystallization solution (see Section 2.3 of SI), as it is known45, 46 that DNP enhancement in 
aqueous solutions can be increased in the presence of glycerol (up to 60%). In the present work, 
however, the amount of glycerol was kept relatively low to minimize the risk that it may affect the 
crystallization process (we note that nucleation of glycine is reported to be unaffected by small 
amounts of impurities or additives,49, 50 although they may have an effect on the kinetics of the 
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appearance/disappearance of different polymorphs during crystallization51, 52). Our experiments 
(Figure 3) on a solution of 1-13C-glycine and AMUPol dissolved in water/glycerol (95/5 ratio by 
volume) gave similar results to those observed for crystallization in the absence of glycerol (Figure 
2). Thus, both the α and β polymorphs are present in the earliest snapshot of the crystallization process 
(Figure 3a; deconvolution of the different signals is shown in Figure S2), followed by a decrease in 
the β polymorph and an increase in the α polymorph as a function of time (Figure 3b), and essentially 
only the α polymorph is present after a crystallization time of 24 hr (Figure 3c). These results confirm 
that, in qualitative terms, the pathway of the crystallization process is not modified by the presence 
of glycerol. 
 
Figure 3. 1H→13C CPMAS NMR spectra recorded with (green spectra) and without (black 
spectra) microwave irradiation for rapidly quenched crystallization solutions containing 1-
13C-glycine and AMUPol in H2O/glycerol. The three samples were flash cooled to ca. 100 
K after crystallization times of (a) 5 min, (b) 95 min, (c) 24 hr. The time to record each 
spectrum was 6 min. 
The presence of glycerol gives rise to greater DNP signal enhancements than those for the pure 
aqueous solution, with εDNP ≈ 4 for the α polymorph and εDNP ≈ 13 for both the β polymorph and the 
glycine/water glass phase. We note that the increased DNP sensitivity allows a residual amount of 
172174176178180 ppm
x 4
13C chemical shift
x 4
t = 5 min
t = 95 min
t = 24 hrs
a)
b)
c)
μWave ON
μWave OFF
α
β
am
 9 
glycine in the glycine/water glass phase to be detected in the sample quenched at 24 hr (see inset in 
Figure 3c). 
 
Figure 4. DNP-enhanced 13C-13C DQ dipolar correlation spectrum recorded (recoupling 
time, 2 ms) for a rapidly quenched crystallization solution containing 1-13C-glycine and 
AMUPol in water/glycerol. The crystallization time before quenching was 5 min. 
This DNP sensitivity enhancement has been exploited to investigate the intermolecular interactions 
in the glycine/water glass phase in more detail by measuring the 2D DNP-enhanced 13C-13C double-
quantum (DQ) dipolar correlation spectrum (Figure 4) for the water/glycerol crystallization solution 
quenched at 5 min. As 1-13C-glycine was used, correlation peaks in the 2D 13C-13C DQ dipolar 
correlation spectrum arise only for 13C...13C intermolecular distances between 13C nuclei in the 
carboxylate groups of different glycine molecules. Furthermore, as this spectrum was recorded with 
a relatively short recoupling time (2 ms), we estimate that a correlation signal is observed when the 
distance between two 13C nuclei is less than 5 ̊ .53, 54 In Figure 4, auto-correlation signals arise mainly 
from the shortest intermolecular 13C...13C distances between carboxylate groups in the  and  
polymorphs (3.09 ̊ and 3.34 ̊, respectively) and also in the glycine/water glass phase, suggesting 
that at least some short intermolecular glycine-glycine distances exist within the glycine/water glass 
phase (and hence in the crystallization solution prior to quenching). These short glycine-glycine 
distances within the glycine/water glass phase could possibly represent pre-nucleation clusters present 
in the super-saturated crystallization solution prior to quenching, although more detailed studies 
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345
350
355
360
172 170
1
3
δ(
C
 D
Q
) 
(p
p
m
)
13δ( C) (ppm)
340
α
β
 10 
(including the use of other experimental and computational techniques) would be required to verify 
this possible interpretation. 
Finally, crystallization from a solution of 1-13C-glycine (6 M) and AMUPol (0.02 M) in deuterated 
water (D2O) was also studied (see Section 2.5 of SI). As discussed above, crystallization of glycine 
from deuterated water over a period of ca. 1 day is expected to yield the Ȗ polymorph. The 1H→13C 
CPMAS NMR spectrum recorded on quenching the crystallization solution after 5 min (Figure S3a) 
contains signals due to the α, β and Ȗ polymorphs. After 60 min (Figure S3b), there is no signal due 
to the  polymorph, while the intensities of the signals for the α and Ȗ polymorphs have increased. At 
23 hr (Figure S3c), the signal due to the Ȗ polymorph has further increased significantly, while the 
signal for the α polymorph has diminished. These results are clearly in full agreement with earlier 
literature4, 8, 35, 39 which showed that formation of the thermodynamically stable Ȗ polymorph is 
accelerated in crystallization of glycine from D2O compared to H2O (compare the results in Figure 
S3 and Figure 2, respectively). 
In conclusion, we have demonstrated that low-temperature solid-state NMR measurements, with 
DNP enhancement, represent a promising ex-situ method for studying the consecutive stages of 
crystallization processes, including the opportunity to measure sophisticated 2D NMR spectra for 
quenched samples of the crystallization system preserved at the quench temperature. Our results 
demonstrate that specific requirements of the experimental procedure (e.g., the presence of the DNP 
polarizing agent in the crystallization solution and/or the addition of glycerol) do not modify the 
sequence of solid forms present during the crystallization process, although we cannot rule out the 
possibility that the presence of a DNP polarizing agent or other additives within the crystallization 
solution might modify the details of the crystallization pathway under some circumstances. 
Furthermore, the use of DNP methodology can dramatically increase the sensitivity of the NMR 
measurements (by a factor of up to 13 in the present work), which is advantageous in allowing a range 
of solid-state NMR methods to be applied for detailed structural characterization of transient solid 
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forms. The strategy reported here is complementary to existing solid-state NMR methods for studying 
crystallization processes, but crucially the opportunity to exploit DNP sensitivity enhancement opens 
up the prospect of gaining insights into much earlier stages of crystallization than has been possible 
hitherto, as the amount of the solid phases present at the very early stages of crystallization is 
intrinsically low. 
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